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SUMMARY 

The second q u a r t e r ' s  research  has concentrated on a broad, although preliminary, 
examination of all those  types of glasses t h a t  w i l l  be s tud ied  i n  d e t a i l  i n  t h e  
remaining six months of t h e  i n i t i a l  contractual  period. 
of  45 glass compositions have been calculated and prepared with emphasis on systems 
l i k e l y  t o  form complex three-dimensional s t ruc tu res  with higher than usual values 
of elastic moduli. The systems s tudied include all t h r e e  systems se l ec t ed  i n  t h e  
proposal, i. e., c o r d i e r i t e  g lasses  w i t h  nucleat ing and an t i -nuc lea t ing  agents, t h e  
b e n i t o i t e  system, and t h e  be ry l  system and, i n  addi t ion,  f luobora te  glasses ,  
s eve ra l  o f  Morey's tantalum oxide- t i tan ia  (no s i l i c a )  glasses ,  and f i v e  '!invert" 
g lasses .  While preparat ion of t hese  glasses is complete, evaluat ion of t h e i r  
p roper t ies  has j u s t  begun. 

For t h i s  purpose, a t o t a l  

Concurrently with t h e  g lass  melting research, t h e  add i t iona l  equipment 
necessary t o  ca r ry  out an adequate charac te r iza t ion  of such g lasses  i s  being 
assembled. A standard model Brookfield viscometer was f i t t e d  with elongated 
tungsten s h a f t  and spindle,  ca l ib ra t ed  by use of N.B.S. standard v i scos i ty  o i l  "P", 
and then used t o  measure t h e  v i scos i ty  o f  t h r e e  experimental g lasses  a t  high tempera- 
t u r e .  
and such measurements were then  corroborated by measuring Youngls modulus f o r  t hese  
g lasses  using t h e  conventional s t r e s s - s t r a i n  curve, beam deflect ion,  s ingle-point  
loading technique. Assembly of equipment t o  permit t h e  dynamic measurement of t h e  

Dynamic measuren;ents of young:s modulus were made on two addi t iona l  g lasses  

shear  modulus 
determined i n  

and Poisson 's  r a t i o  (using t h e  dynamic Young's modulus values 
o the r  apparatus) i s  under way. 



INTRODUCTION 

This is t h e  second q u a r t e r l y  l e t t e r  r epor t  f o r  Contract NASW-1301, "Investiga- 
t i o n  of t h e  Kinetics of Crys t a l l i za t ion  of  Molten Binary and Ternary Oxide Systems" 
covering t h e  period December 1, 1965 through February 28, 1966. The primary 
ob jec t ive  of t h i s  program is t o  gain a b e t t e r  understanding of glass forming 
systems by measuring the  rate a t  which c r y s t a l l i z a t i o n  occurs and t h e  e f f e c t s  of 
an t i -nuc lea t ing  agents on t h e  observed c r y s t a l l i z a t i o n  rates. Determination of 
t h e  c r y s t a l l i z a t i o n  rate is  ca r r i ed  out by continuously measuring t h e  v i s c o s i t y  
and e l e c t r i c a l  conductivity of t h e  molten system as a function of time and tempera- 
ture with checks of sur face  tens ion  a t  se l ec t ed  temperatures. 
formation as a r a t e  phenomenon j u s t i f i e s  t h e  consideration of oxide systems 
previous ly  branded imprac t ica l  for glass formation and thus  allows t h e  search 
f o r  systems which may y ie ld  high strength, high modulus glass fibers t o  be ca r r i ed  
out on an  unusually broad bas is .  

This  view of glass 

PREPARATION OF GLASS SYSTEMS FOR PRELIMINARY EVALUATION 

The first oxide system t o  be se lec ted  f o r  inves t iga t ion ,  c o r d i e r i t e  o r  
Mg+4Si5018 - a three-dimensional r i n g  s i l i c a t e  s t ruc tu re ,  has now been melted 
success fu l ly  i n  500 gram batches on eight occasions using tungsten o r  high-purity 
alumina or b e r y l l i a  containers.  
g l a s s  f r e e  of seed, stone, and bubbles was obtained. Further, as reported i n  t he  
f irst  q u a r t e r l y  r epor t  under t h i s  contract, t h e  glass thus  obtained showed an e l a s t i c  
modulus 50% higher than t h e  usua l  commercial g lasses  such as fused s i l i c a  o r  
C.G.W. 7740 as well as y ie ld ing  experimentally an e l a s t i c  modulus 10% higher than  
t h a t  ca lcu la ted  us ing  t h e  method of C. J. P h i l l i p s  ( R e f .  1). This g l a s s  system 
seemed i d e a l  f o r  fur ther  experimentation and, therefore ,  t h e  f i v e  batches l i s t e d  
i n  Table I were prepared by adding nucleating and an t i -nuc lea t ing  agents t o  t h e  
system. Evaluation of  these glasses is now i n  progress. 

On all occasions a water-white o p t i c a l  grade 

The second oxide system t o  be studied is ben i to i t e ,  BaTiSi309, whose s t r u c t u r e  
is  much l i k e  t h a t  of  c o r d i e r i t e  o r  beryl, comprised of r i n g  ions arranged i n  shee ts  
w i t h  t h e i r  planes p a r a l l e l  with t h e  metal ions between t h e  sheets and binding 
toge ther  t h e  r ings  of  t h e  d i f f e r e n t  sheets.  Although t h i s  system has now been 
melted on seve ra l  occasions, no glass has as ye t  been prepared both because of 
speed of d e v i t r i f i c a t i o n  of t h e  system and because of r eac t ion  wi th  t h e  numerous 
types of  c ruc ib les  used. 
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No attempt has ye t  been made t o  prepare glasses from oxide mixtures of such 
p ropor t iom t h a t  only beryl,  a t h i r d  s i l i c a t e  r i n g  s t ruc tu re ,  would result. 
However, t h r e e  g lasses  have been melted where be ry l  should c o n s t i t u t e  t h e  pre- 
dominant c r y s t a l l i n e  phase. Two of these g lasses  were obtained i n  o p t i c a l  grade 
condition but as ye t  it has proven impossible t o  cool t h e  t h i r d  one fast enough 
t o  prevent d e v i t r i f i c a t i o n .  Characterization of t hese  glasses through property 
measurement i s  under way. 

One of t h e  types of g lasses  which apparently has not been previously s tud ied  
i n  connection with glass f i b e r  formation 
2,3). 
ca l cu la t ions  (Ref. 1) cont r ibu tes  t o  low e l a s t i c  modulus and very l i t t l e  o r  no 
s i l i c a .  Two such glasses have been prepared and are i n  t h e  process of evaluation. 

i s  t h e  f luobora te  o p t i c a l  glasses (Refs. 
These g lasses  contain l i t t l e  or no a l k a l i  which according t o  P h i l l i p s '  

A d i s t i n c t l y  d i f f e ren t  t ype  of non-sil icate,  non-alkali  g l a s s  system not 
prev ious ly  s tud ied  by g l a s s  fiber research s c i e n t i s t s  i s  t h a t  b u i l t  on ac id  
forming elements having r e l a t i v e l y  high atomic weights. These glasses due t o  
Morey (Ref. 4) and improved f o r  p r a c t i c a l  manufacture by DePaoli ( R e f .  5) may be 
made, f o r  example, from a mixture of  t i t a n i a  and tantalum oxide o r  from tantalum 
oxide, z i r con ia  and lanthana. They t y p i c a l l y  inc lude  no a l k a l i  and l i t t l e  o r  no 
s i l i c a  and are, therefore ,  t o o  r e f r ac to ry  t o  be melted i n  conventional g lass -  
f i b e r  apparatus. Published data ( R e f .  6 )  f o r  similar glasses supports t h e  idea  
t h a t  t hese  g lasses  have e l a s t i c  moduli higher than  conventional g lasses  and l a c k  
of s i l i c a  l e n d s  hope t h a t  such systems may not s u f f e r  atmospheric de t e r io ra t ion  
t o  t h e  ex ten t  common with s i l i c a t e  based g lasses .  UACRL has melted these  g lasses  
on f i v e  occasions but has not succeeded i n  producing g l a s s  s u i t a b l e  f o r  evaluation. 
Further attempts w i l l  be made i n  t h e  t h i r d  quar te r .  

An equally novel s e r i e s  of g l a s s  systems are those  due t o  S teve ls  (Ref. 7) and 
c a l l e d  by him " inver t"  g lasses .  
wlth t h e  Zachariasen three-dimensional network concept which s t a t e s  t h a t  a t  least 
t h r e e  corners of each s i l i c a  tetrahedron i s  shared so t h a t  not more than one 
corner i s  shared by a non-bridging oxygen ion, a concept obeyed i n  general  by 
most commercial s i l i c a t e  glasses used f o r  windows, p l a t e  glass,  containers, and 
g l a s s  f i b e r s .  S teve ls  introduces a paraneter Yc t o  express t h e  average number 
of bridging ions per  Si04 te t rahedron  where 

These glasses a r e  g lasses  t h a t  do not conform 

- 200 Y, - 6 - - and P = mole $ s i02  
P 

So t h a t  when P = 33 l/$, Y = O and the Si04 groups a r e  i so la ted ;  when P = 40%, 
Y = 1 and on t h e  average Si04 groups appear i n  p a i r s ,  
very in t .e res t ing  c h a r a c t e r i s t i c  t h a t  most p rope r t i e s  such as v i s c o s i t y  pass 
through a minimum at  Y = 2, i .e.,  50 mole % SiO2- 

These g lasses  possess t h e  

It i s  poss ib l e  thak t h e  e l a s t i c  
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modulus w i l l  l ikewise  pass through such a minimum and w i l l  climb s t e e p l y  as 
decreases from 2 t o  1 to' o but no p r i o r  e q e r i m e n t a l  data i s  a v a i l a b l e  t o  support 
t h i s  hypothesis. 
are shown i n  Table I1 and is cur ren t ly  studying t h e i r  p rope r t i e s .  O f  course, 

many a d d i t i o n a l  " inver t"  glass systems ex i s t .  

Y 

UACRL has accordingly melted t h e  f i v e  t y p i c a l  " inver t"  glasses which 

PROOUFGZS FOR CHELRACTPJZING GLASS SYSTEMS INVESTIGATED 

The k i n e t i c s  of c r y s t a l l i z a t i o n  of t h e  glass systems inves t iga ted  under t h i s  
cont rac t  are determined from continuous measurement of t h e  e l e c t r i c a l  r e s i s t i v i t y  
and v i s c o s i t y  of t he  system together  with spot  checks at temperatures of t h e  
su r face  t ens ion  of t h e  molten oxides. These measurements p lus  t h e  measurement 
of t he  e l a s t i c  modulus of t h e  bulk g l a s s  at room temperature s e r v e  t o  cha rac t e r i ze  
t h e  g l a s s  system s tudied .  I n  t h e  f i r s t  q u a r t e r l y  r epor t  t h e  apparatus used t o  
measure t h e  e l e c t r i c a l  r e s i s t i v i t y  of  t h e  molten oxide system as a func t ion  of 
t ime and temperature and t h e  devices used t o  measure Young's modulus of e l a s t i c i t y  
of t h e  bulk glass by sonic  means were described. 
t h e  equipment used t o  measure t h e  v i scos i ty  of  t h e  system, t h e  method used t o  

I n  t h i s  second q u a r t e r l y  r epor t  

ob ta in  Young's modulus by conventional techniques, and 
for measuring t h e  shear  modulus a r e  de ta i led .  

t h e  add i t iona l  apparatus 

VISCOSITY MEAsums 

The device i n i t i a l l y  used t o  measure the  v i s c o s i t y  of t h e  molten oxide systems * at  high temperature i s  t h e  Brookfield Syr-chro-Electric Viscometer. The p r i n c i p l e  
of opera t ion  of  t h e  device is simple. A cy l inder  o r  d i s c  or  sp indle  is  r o t a t e d  i n  
t h e  f l u i d  under t es t  through a beryllium-copper spr ing .  
sp r ing  i s  read on a d i a l .  The d i a l  reading with t h e  usua l  d i s c  i s  mul t ip l ied  by 
a simple constant t o  obta in  t h e  r e su l t i ng  v i s c o s i t y  at  t he  p a r t i c u l a r  r o t a t i o n a l  
speed o r  when s p e c i a l  design sp indles  are used, t h e  device i s  ca l ib ra t ed  through 
the  use of o i l s  o f  known v iscos i ty .  Measurements made a t  d i f f e r e n t  speeds are 
used t o  descr ibe  t h e  complete flow proper t ies  of t h e  material at hand. 

The de f l ec t ion  of t h e  

* Trade-mark, Brookfieid &gineering Laboratories, Inc., Stoughton, Mass, 
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The Brookfield v isconeter  had never been used before a t  temperatures as high 
as those  l i k e l y  t o  occur i n  t h i s  contract. 
device must be equipped with a long sha f t  en te r ing  t h e  furnace and w i t h  a sp indle  
of  s u i t a b l e  high temperature mater ia l .  Tungsten was se l ec t ed  as t h e  ma te r i a l  f o r  
both t h e  sp ind le  and s h a f t  because of  its known c o n p a t i b i l i t y  with all t h e  molten 
oxide systems inves t iga ted  t o  d a t e ,  and Brookfield Engineering Laboratories then 
designed t h e  tungsten sp ind le  shown i n  Fig. 1. This tungsten sp ind le  and t h e  
Brookfield viscometer were ther, ca l ibra ted  using t h e  National Bureau of Standards 
standard v i s c o s i t y  o i l  "P" by p lac ing  an exact s i l i c a  r e p l i c a  of t h e  tungsten 
c ruc ib l e  normally used i n  t h e  constant temperature ba th  shown i n  Fig. 2, f i l l i n g  
t h e  s i l i c a  c ruc ib l e  with o i l  "P" and running t h e  tungsten sp indle  i n  t h e  c ruc ib l e  
i n  such a way as t o  exac t ly  simulate high temperature operations as shown i n  Fig. 2. 
With t h i s  constant temperature bath,  oil temperatures could be held constant t o  
wi th in  + 0.005 C i n  t h e  range from -5' t o  + lo7 C. 
data obtained f o r  t h e  tungsten sp ind le  is shown i n  Table I11 and graphica l ly  i n  
Fig. 3. 

However, t h i s  merely meant t h a t  t h e  

With t h i s  bath, t h e  c a l i b r a t i o n  

The v i s c o s i t y  d a t a  f o r  N.B.S. s t a n d a r d  o i l  "P" shown as t h e  four th  column of  
Table I11 w a s  obtained both by t ak ing  the  data furnished on t h e  c e r t i f i c a t e  
accompanying our shipment of o i l  "P", p l o t t i n g  it as shown by t h e  s o l i d  l i n e  of 
Fig. 4, t a k i n g  t h e  data furnished i n  the  a r t i c l e  published by Sha r t s i s  and Spinner 
( R e f .  8) and p l o t t i n g  it as t h e  dot ted  l i n e  o f  Fig. 4, and then  ex t rapola t ing  t h e  
s o l i d  l i n e  of Fig. 4 t o  g ive  a s u i t a b l y  displaced s i m i l a r l y  shaped curve. 
Experience gained i n  measuring t h e  v i s c o s i t y  of f'used s i l i c a  ( R e f .  9 )  had shown 
t h i s  procedure t o  be trustworthy. The completed p l o t  of Fig. 4 is then  used t o  
furn ish  t h e  da t a  tabula ted  i n  Table I V ,  

The Brookfield viscometer and tungsten sp indle  with i t s  elongated s h a f t  were 
then  i n s t a l l e d  on t h e  tungsten r e s i s t ance  furnace as shown i n  Fig. 5. The sp ind le  
i s  brought out of t h e  tungsten furnace through a high vacuum f i t t i n g .  Or ig ina l ly  
t h e  sp ind le  is  at  r e s t ,  t h e  ground g lass  prev ious ly  melted i n  o the r  furnaces is  
placed i n  t h e  c ruc ib le ,  t h e  whole system i s  then  evacuated, f lushed with pu r i f i ed  
argon by loosening t h e  vacuum f i t t i n g  and allowing t h e  argon (at a p o s i t i v e  
pressure  of 5 in. of water) t o  stream out, re-evacuated, and then  re f i l l ed  with 
p u r i f i e d  argon. The system i s  then  heated u n t i l  t h e  glass is  molten as judged by 
v i sua l  examination and t h e  tungsten spindle then  in se r t ed  i n t o  t h e  melt and 
posit ioned at  t h e  proper depth. 
t h e  des i red  values and t h e  v i s c o s i t y  of t h e  se l ec t ed  experimental g l a s s  i s  then 
measured at t h e  various temperatures, 

The temperature of t h e  furnace is adjusted t o  

Using t h e  Brookfield viscometer, tungsten spindle,  and tungsten furna.ce t h e  
v i s c o s i t i e s  were measured for t h r e e  experimental g lasses  as l i s t e d  i n  Table V and 
p lo t t ed  i n  Fig. 6. 
based g lass ,  #30 and #3l, s o d a - s i l i c a  s e r i e s  glasses with unusually l a r g e  per- 
centages of z i r con ia  (10.33 and 21.0% by weight, r e spec t ive ly ) .  

The experimental glasses evaluated were #1, a c o r d i e r i t e  

It w i l l  be noted 
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t h a t  a l l  t h r e e  of t h e s e  g lasses  show much s t eepe r  temperature-viscosity curves i n  com- 
par i son  t o  a t y p i c a l  commercial bo ro - s i l i ca t e  glass. Nevertheless, although 
fiber formation would demand c r i t i c a l  temperature control,  it should be poss ib l e  
t o  form fibers successfu l ly  using spec ia l  design recessed ape r tu re s ,  8 

ELASTIC MODULUS MEASUFENEXPS 

The sonic equipment described i n  the  first qua r t e r ly  r epor t  was used t o  
measure Young's modulus f o r  t h e  two  soda - s i l i ca  s e r i e s  g lasses  w i t h  t h e  high 
z i r con ia  contents (10.33 and 21.0% by weight, respec t ive ly)  and gave t h e  r e s u l t s  
shown i n  Table V I .  These r e s u l t s  thus  f a i l  t o  show t h e  major cont r ibu t ion  t o  
increased Youngls modulus expected from t h e  high z i r con ia  contents based on t h e  
type of ca l cu la t ion  made i n  t h e  paper of C. J. P h i l l i p s  ( R e f .  1). 
l a r g e l y  due t o  the  de t r imenta l  e f f e c t s  of t h e  high soda contents (16.89 and 14.0% 
by weight, respec t ive ly)  present i n  these  g lasses .  
be made t o  remelt t h e s e  g lasses  w i t h  decreased a l k a l i  addi t ions .  

1 
This  may be 

An attempt w i l l ,  t herefore ,  

I 
I 
1 
8 
I 
I 
1 
8 
I 

The sonic moduli measurements made of  g l a s s  #1, c o r d i e r i t e  base and similar 
t o  batches 4 and 1 4  reported i n  t h e  first qua r t e r ly  repor t ,  were checked using 
measured de f l ec t ions  versus measured l o a d s  i n  th ree-poin t  loading apparatus 
equipped with a n  unusually s e n s i t i v e  load c e l l .  
two methods are shown i n  Table V I I .  The values obtained by t h e  sonic method a r e  
believed t o  be more nea r ly  cor rec t  s ince  t h i s  method gives t h e  s lope  of t h e  
i n i t i a l  p a r t  of t he  s t r e s s - s t r a i n  curve and thus  corresponds t o  a value based 
on microstresses, while t h e  t r ansve r se  rupture method e s s e n t i a l l y  y i e lds  a value 
f o r  only very l a r g e  s t r a i n s  and s o  corresponds t o  an average value f o r  a stress- 
s t r a i n  curve which i s  not r e a l l y  a s t r a i g h t  l i n e  when c lose ly  examined, Then 
too, t h e  sonic  method applied t o  commocly a v a i l a b l e  commercial g lasses  (as 
mentioned i n  t h e  f irst  q u a r t e r l y  repor t )  gave values of  Young's modulus i n  
complete agreement w i t h  t h e  published values,  The values obtained by the  t r a n s -  
verse-def lec t ion  method may also be a f fec ted  by t h e  f a c t  that the  glass samples 
had been s to red  two months i n  labora tory  atmosphere before  these measurements 
were made,while t h e  sonic  moduli values were measured on f r e s h l y  ground samples, 
The importance of such aging can only be evaluated through add i t iona l  experimenta- 
t ion. 

The comparative results of t h e  

The experimental program a.t t h i s  l abora to ry  s t r e s s e s  t h e  rate concept of 
glass formation from molten oxide so lu t ions  of  t h e  proper proportions t o  y i e ld  
complex three-dimensional r i n g  s t ruc tu res  i f  t h e  g lasses  from t h e  m e l t  are 
allowed t o  d e v i t r i f y .  It is  possible,  therefore ,  t h a t  t h e  g lasses  formed from 
such melts may show anisotropy. Accordingly, UACRL is s e t t i n g  up equipment f o r  
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1 measuring t h e  shear modulus of  t h e  g lasses .  This determination i n  conjunction 
with t h e  sonic  determination of Young's modulus will a lso  give values f o r  Poisson's 
r a t i o  so t h a t  any anisotropy i n  the bulk glass specimen w i l l  be apparent. 

The equipment now being assembled f o r  t h e  determination of  shear  modulus i s  
shown i n  Fig. 7. As indicated,  t h e  c i r c u i t r y  measures t he  ve loc i ty  of sound 
i n  the  sample by d r iv ing  the  t ransmi t t ing  p i ezoe lec t r i c  c r y s t a l  with a shor t  
bu r s t  of radio-frequency v ibra t ions  and measuring the  t r a n s i t  time of  t h e  pu l se  
i n  t he  rod. The t ransmi t ted  pulse  is received by a second p iezoe lec t r i c  c r y s t a l  
a c o u s t i c a l l y  coupled t o  t h e  far end of t h e  s m p l e .  

1 
I 

The pulsed o s c i l l a t o r  se lec ted  enits a gated bu r s t  of high-frequency e l e c t r i -  1 c a l  o s c i l l a t i o n s  i n  t h e  range of 1 .4  Mhz t o  60 Mhz (1.4 x lo6 t o  60 x lo6 cycles/  
s e c ) .  
mode. 
coupled through o i l  o r  cement t o  t h e  glass specimen and so when it v ib ra t e s  it 
causes t h e  glass rod t o  l i kewise  v ibra te  i n  t h e  compressional mode. 

This vo l tage  dr ives  t h e  t r ansmi t t i ng  p i ezoe lec t r i c  c r y s t a l  i n  t h e  compressional 
Th i s  c r y s t a l  is a wafer 1/8 i n .  i n  diameter and 1/64 in .  t h i c k  acous t i ca l ly  

The rece iv ing  c r y s t a l  is  i d e n t i c a l  t o  t h e  t r ansmi t t i ng  c r y s t a l  and similarly 
bonded t o  t h e  rod so t h a t  it is mechanically excited by t h e  compressional waves 
t r a v e l i n g  down t h e  glass bar. 
pu l se  is then  measured on a dual beam oscil loscope and/or an E-put meter. The 
ve loc i ty  of t h i s  sound wave and  t h e  r e s u l t i n g  value f o r  t h e  shear modulus of t h e  
specimen are then  calculated.  

The time de lay  between t h e  t ransmi t ted  and received 8 
8 

CALCULATION OF YOUNG'S MODULUS OF ELASTICITY FROM 
COMPOSITION OF SIMPLE AND COMPLEX SILICATE GLASSES 

I n  a pioneering paper e n t i t l e d  "Calculation of  Young's Modulus of E l a s t i c i t y  
from Composition of  Simple and Complex S i l i c a t e  Glasses" ( R e f .  l), C. J. P h i l l i p s  
descr ibes  a method f o r  ca l cu la t ing  Young's modulus of e l a s t i c i t y  f o r  some 44 glasses  
by expressing t h e  content of each oxide i n  mole percent and mul t ip ly ing  it by a 
c o e f f i c i e n t  pecu l i a r  t o  t h a t  oxide. Unfortunately, he gives c o e f f i c i e n t s  f o r  only 
c e r t a i n  oxides l i k e l y  t o  be present i n  g lass ,  namely, Si02, N%O, Li20, K20, %O3, 
Al2O3, CaO, N O ,  PbO, BaO, ZnO, and BeO. It i s  hoped tha t  t h e  work of t h i s  cont rac t  
at  UACRL can be used t o  obta in  similar values f o r  Zr02, SrO, Ti02, Ta2O5, La.203 and 
o the r  missing oxides. 
mind, an e r r o r  was discovered i n  t h e  coef f ic ien t  assigned by P h i l l i p s  t o  BeO. This  
e r ro r ,  which has been ca l l ed  t o  P h i l l i p s '  a t t e n t i o n  and with which he agrees, 
emphasizes t h e  cont r ibu t ion  which b e r y l l i a  is  l i k e l y  t o  make t o  high modulus glass 

1 I n  checking through t h e  paper w i t h  our f u t u r e  research  i n  

7 



t twz exa~ples  t.c! show h w  t h i s  t W q e  of ca lcu la t ion  is  ca r r i ed  
out and wha t  t h e  cor rec t  value of t h e  coef f ic ien t  f o r  b e r y l l i a  should be. 

Th i s  value f o r  t h e  b e r y l l i a  coef f ic ien t  of 19.0 kilobars/mole $ replaces  t h e  
erroneous value of 24.2 kilobars/mole $ which r e s u l t s  when glass 73 of t h e  
P h i l l i p s  paper is  co r rec t ly  ca lcu la ted  ( P h i l l i p s  through a juxtaposi t ion of t h e  
composition had inadvertent ly  obtained t h e  cor rec t  value of t h e  b e r y l l i a  coe f f i c i en t ) .  
This value of  t h e  b e r y l l i a  coe f f i c i en t  would ind ' ca t e  t h a t  t h e  attainment of s i l i c a -  
base g lasses  with a modulus g rea t e r  than 30 x 10 p s i  is probably impossible. 
calculat ions,  however, do not hold f o r  t h e  non- s i l i ca t e  base glasses  such as 
Morey's glasses and t h e  borofluorate  glasses of t h i s  repor t  nor can they  reasonably 
be expected t o  hold f o r  Stevels  "invert" glasses. 

fi The 

1 
An extension of t h e  P h i l l i p s '  method of ca lcu la t ion  t o  Loewenstein's glass Z1 

(Ref. 12) shows t h a t  z i rconia  has as high a molal Young's modulus f a c t o r  as 
be ry l l i a ,  a f a c t  not noted p r i o r  t o  t h i s  report .  

While t h i s  value f o r  z i rconia  i s  very excit ing,  i n i t i a l  attempts i n  t h i s  
l abora to ry  have f a i l e d  completely t o  subs t an t i a t e  it as may be seen from Table V 
when t h e  experimental values of UACRL glasses 30 and 31 are tabulated.  
however, may be s o l e l y  due t o  t h e  high a l k a l i  content of glasses 30 and 31 i n .  

Further research 
i n  t h i s  a r ea  is thus c l e a r l y  indicated,  

This f a i lu re ,  

con t r a s t  t o  Loewenstein's glass Z1 1 which has no a lkal i  present .  

Personnel a c t i v e  on t h i s  program during t h i s  period were J. F. Bacon, 
p r i n c i p a l  i nves t iga to r  and Norman J. Chamberlain, Senior Experimental Technician. 
They were aided repeatedly throughout t he  period by Louis J. Tempel, Jr. of t h e  
UACRL Instrumentation Section. I n  addition, Charles E. Shulze of t h e  Mater ia ls  
Sciences Section designed, constructed, and operated t h e  equipment used t o  obtain 
Young's modulus by t h e  t ransverse  rupture technique and Herbert G. Aas of t h e  
UACRL Instrumentation Section designed t h e  c i r c u i t r y  t o  be used f o r  shear  modulus 
measurements. 

8 



1. 

2. 

3. 

4. 

5. 

6. 

7. 

a. 

9. 

10. 

11. 

12 

REFERENCES 

Ph i l l i p s ,  C. J.: 
of Simple and Complex S i l i c a t e  Glasses. 
December 1964, pg. u6-223. 

Calculation of Young's Modulus of E l a s t i c i t y  from Composition 
Glass Technology, Vol. 5, No. 6, 

Kuan-Han Sun: U. S. Patent 2,456,033, issued Eecember 14 ,  1948. 

Weissenberg, Gustav and Otto Ungemach: U. S.  Patent 2,764,492, issued September 
25, 1956. 

Morey, George W.: U. S. Patent 2,150, 694, issued March 14 ,  1939. 

DePaoli, Paul F.: U. S. Patent 2,787,554, issued April 2, 1957. 

Veyl, Woldemar A. and Evelyn C. Marbox: 
Consti tution and Properties of Some Representative Glasses, pg. 820, l n t e r sc i ence  
Publ., New York, 1964. 

The Consti tution of Glassek  V o l .  I1 - 

Burke, J. E.: Progress i n  Ceramic Science, Vol. I, Chapter 5, R. W. Douglas, 
The Properties and Structure  of Glasses, pg. 203-204, Pergamon Press, New York, 
1961. 

Shar t s i s ,  Leo and Sam Spinner: 
Journ. Res. N. B. S., Vol. 46, No. 3, March 1951, R. P. 2190, pg 176-194. 

Viscosity and Density of  Molten Optical  Glasses. 

Bacon, James F., Alex A. Hasapis and James W. Wholley, Jr.: 
Density of Molten S i l i c a  nad High S i l i c a  Content Glasses. 
of  Glasses, Vol. 1, No. 3, June 1960, pg 90-98. 

Viscosity and 
Physics and Chemistry 

McMarlin, Robert M., Owens-Corning, Telephone Conversation on January 20, 1966 
with J. F. Bacon, UACRL. 

Tiede, Ralph L: U. S. Patent 3,127,277, issued March 31, 1964, Example 4. 

Loewenstein, K. L. :  Studies i n  t h e  Composition and Structure  of Glasses 
Possessing High Young's Moduli. Part I. The Composftion o f  High Young's 
Modulus Glass and the  Function of Individual Ions i n  the  Glass Structure.  
Physics and Chemistry of Glasses, V o l .  2, No. 3, June 1961, pg. 69-82. 

9 



Ingredient 

S i l i c a  

Alumina 

TABLE I 

Preparation of Cordierite Glass  with 
Nucleating and Anti-Nucleating Addit ions 

Batch No. (amounts of ingredients i n  grams) 

40 - - 1 - '36 - 37 I 38 - 39 

120 90 99 90 90 90 

Magnesium Carbonate 180 135 135 135 135 135 

Beryllium Carbonate --- --- --- --- --- 135 

Zirconium Carbonate --- - -- --- --- --- 75 

Lithium Carbonate --- --- --- --- --- 123 e 5 

Zinc Oxide --- - -- --- --- 37.5 - -- 

135 Cerium Oxalate --- --- 

l o  
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II ' xyo373-2 

TABIE I1 

Five "Invert" Glass Compositions Recently 

S i l i c a  

Rut il e 

Lead Carbonate 

Potassium Carbonate 

Calcium Carbonate 

S t r ont i u m  C arb on a t  e 

Barium Carbonate 

YC 

43 

176 

16 

57.6 

75.5 

78.5 

62.7 

57.2 

- 

1 .oo 

41 - 

176 

--- 

57.6 

75.5 

78.5 

62.7 

57.2 

1.45 

11 

Batch No. 
42 - 

176 

80 

57.6 

34 099 

42.82 

34.2 

31.2 

1.45 

Prepared 

44 

176 

48 

- 

--- 

75.5 

78.5 

62.7 

57.2 

1.45 

- 45 

200 

--- 

--- 

85 e 75 

89.20 

71.25 

65.0 

2.0 



TABLE I11 

Calibrat ion of Large Tungsten Spindle i n  N.B.S. Standard O i l  "P" 

V i s  comet e r  
Speed(rpn) 

20.0 
20.0 
20.0 

10.0 
10.0 
10.0 
10.0 

5.9 
5 .o 
5 .o 
5.0 
5 .o 

5.0 
5.0 
5 .o 

2.5 
2.5 
2.5 
2.5 
2.5 
2.5 
2.5 
2.5 
2.5 
2.5 
2.5 
2.5 
2.5 

5 -0 

Reading 
(arb. div.) 

74.0 
79.5 
95.7 

37.2 
39.8 
48.1 
73 .o 

18.3 
19.6 

36.5 

60.5 
66.0 
81.1 
82.7 

9 04 
9.75 

24 .O 

52.0 

12.1 
18.4 
25.5 
30.4 
36.5 
41.4 
41 .O 
48.7 
65.2 
81.8 
83.6 

Temp. 
'(0C) 

47.5 
51 .O 

44 .O 

51 .O 

44 .O 
41 .O 

51 .O 
47.5 
44 .O 
41 .O 
37.9 
35.0 
32 .O 
29 .O 

47.5 

28.0 

51.0 

44.1 
41 .O 
38.0 
35.0 
32.0 
29 .O 

27.0 
24.0 
21 .o 
18.0 

47.5 

28.0 

Viscosi ty  
o i l  P (poises)  

80 
111 
14 5 

80 
111 
145 
175 

80 
111 
145 
175 
214 
275 
362 
450 
510 

80 
111 
145 
175 
214 
275 
362 
4 50 
510 
555 
780 
970 

1290 

12 



Viscometer 

1.0 
1 .o 
1.0 
1 .0 
1 .o 
1 .o 
1 .o 
1 .o 
1 .o 
1.0 
1 .o 
1 .o 
1 .o 
1.0 
1.0 

0.5 
0.5 
0.5 
0.5 
0.5 

0.5 
0.5 
0.5 
0.5 
0.5 
0.5 
0.5 
0.5 
0.5 

0.5 

TABLE I11 (Contd.) 

Reading 
(arb. div.) 

4.05 
4.45 
4.9 
7.5 

10.1 
12.4 
14.2 
16.4 
16.5 
19.5 
26.1 
32.5 
31.6 
66.3 
88.3 

2.85 
4.2 
5.6 
6.6 
7.7 
8.8 
8.8 

10.0 
13.5 
16.8 
16.8 
35.5 
46.75 
51.2 
57.5 

Temp. 
( O C >  

53. .O 
47.5 
44 .o 
I C 1  .o 
37.9 
35.0 
32.0 
29 .O 

27.0 
24 .O 
21 .o 
18.0 
14.8 
12.0 

28.0 

44.1 
41 .O 
37.9 
35.0 
32.0 
29 .O 
28 .o 
27.0 
24 .o 
21 .o 
18.0 
14.9 
12.0 
9.0 
5.35 

Viscosity 
0 5 1  P (po i ses )  

80 
111 
14 5 
175 
21 4 
275 
362 
4 50 
510 
555 
780 
970 

1290 
1790 
2380 

145 
175 
214 
275 
362 
4 50 
510 
555 
780 
970 

1299 
1790 
2380 

off graph u s e d  
o f f  graph used 



TNBLE IV 

Extrapolated and Cer t i f i ca t e  Values of Viscosity f o r  
N.B.S. Viscosity Standard O i l  "P" 

Temperature OC Viscosit;. (poises) Temperature OC 

30.0 417.8 c e r t  i f .  33.36 

40.0 183.3 c e r t  i f .  29.50 

50.0 86.6 c e r t i f .  26.98 

11.98 

19 .lo 

11.81 

14 

Viscosity (po i ses )  

329 (Ref. 8) 

448 ( R e f .  8) 

569 ( R e f .  8) 

2,439 ( R e f .  8) 

1,193 (Ref. 8) 

2,499 ( R e f .  8) 



8 :  

TABLE V 

Viscosi ty  Measurements f o r  Three Ekperimental Glasses 

Glass Batch #l Glass Batch #30 Glass Batch #31 

Temp. OC (poises )  Temp. OC (poises )  ~ m p .  OC (poises )  

1281 21 50 1247 130 1358 1043 

Viscosi ty  Viscosi ty  Viscosi ty  

1305 335 1267 9 54 1378 947 

1313 184 1292 755 1405 748 

1333 160 1305 557 1420 475 

1348 87 1327 365 1445 373 

1342 281 1455 270 

1377 193 1483 213 

1392 186 1492 175 

1508 170 

1532 147 

1558 57 



Specimen 

Batch 33 - #l 

Batch 30 - #2 

Batch 30 - #3 

Batch 30 - #4 

Batch 30 - #5 

Ratch 30 - #6 

Batch 30 - #7 

Batch 30 - #8 

TABLE VI 

Sonic Moduli for Hlgh Zirconia Glasses 

Young's Modulus 
(pounds/in;' x 10 5 ) 

10.15 

10.18 

10.17 

10.0 

10.33 

10.35 

9.94 

10.23 

Specimen 

Batch 30 - # 9 

Barch 30 - $10 

Batch 30 - #11 

Batch 30 - f12 

Batch 32 - B !l 1 

Batch 31 - # 2 

Batch 31 - # 3 

Batch 31 - # 4 

16 

6 Young's Modulus 
( pounds/in- x 10 ) 

10.05 

10.17 

2 

10.38 

10.38 

11.55 

11.45 

11.67 

11.25 



TABLE V I 1  

Comparative Results of Sonic and Transverse Rupture Determinations of 
Young’s Kodulus f o r  Glass #1 

Specimen 

1 

2 

3 

4 

5 

6 

7 

9 

10 

11 

Aver age 

Average Deviation 

Sonic Modulus 
(pounds/in* x 106) 

14.5 

1 4  .a 
15.1 

15.2 

1 4  55 

15.38 

14.58 

15.0 

14.4 

15.36 

14.89 

+ 0.32 - 

Transverse Rupture Value 
(Dounds/in2 x 106) 

13.79 

14.50 

14.06 

14.33 

13.92 

13.55 

13.81 

13.76 

13.20 

14  . 50 

13.94 

+ 0.32 - 

17 



TABLE VI11 

Calculat ions of Young's Modulus f o r  Owens- 
Corning Experimental Gloss OCX-2124 (Ref. 10) 

Con:; t it uent 

S io2 

m2°3 

Be0 

W t .  4 

71.1 

21.5 

7.4 

Mole 
Fraction 

1.185 

0.211 

0.296 

Contr :but ion 
-I__- 

511  

17.4X 

662 + 17.4X 

6 psi o r  992 ki lobars  But Owens-Corning (Ref. 10) achieved 14.4 x 10 

Be0 f a c t o r  = 992 - 662 = 19.0 kilobars/mole $ 
17.4 

18 



TABLE IX 

Calculat ion of Young's Modulus f o r  Exanple 4, 
U.S. Patent 3,127,277 (Ref. 11) 

Mole 
Consti tuent . W t .  $ Mole Wt. Fraction Mole $ Kilobars/Mole $ Contribution 

S io2 51 60 -06 0.850 42.5 7.3 310 

C a0 13  56.08 0.232 11.6 12.6 146 

MgO 9 40.32 0 . 223 11.1 12.0 133 

Be0 11 25 .o? 0 . 440 22.0 X 22x 

Z r 0 2  2 123.22 0.016 0.8' 28.6" 33 

Ti02 a 79 0 90 0.100 5 .o 13.3 

L i20 3 29.88 0 .loo 5 .o 7.0 

66.5 

35 

Ce02 3 172.13 0 -018 0.9 1 3  12  

725.5 + m x  
* 

See Table X 

6 But Owens-Corning achieved 16.6 x 10 psi  o r  1144 k i lobars  

.. Be0 f a c t o r  = 1144 - 725.5 -2 19.0 kilobars/rnole $ 
22 



TABLE X 

1 
Calculation of Young's Modulus f o r  Loewenstein's Glass Z1 

Const i tuent  

S i02 

A1203 

Z r 0 2  

MgO 

CaO 

wt. $7 

50.0 

5.0 

12.0 

14 .O 

19 .O 

Mole W t  . Mole 
Fraction 

60.06 

101.94 

123.22 

40.32 

56.08 

0.833 

0.049 

0.097 

0.347 

0 339 

Mole $ Kilobars/Mole 4 

50 7.3 

2.93 12.1 

5.82 Y 

20.82 12.0 

20.83 12.6 

Cont r ibu t  ion  

365 

35.4 

5 . 8 2 ~  

2 50 

256 

912.2 + 5.821: 

1 
But Z 1  (exp. value) = 11 x l o 5  kg/cm2 = 1078 ki lobars  

? #  Z r 0 2  = 166 = 28.6 kilobars/mole 
5.82 

20 
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LARGE TUNGSTEN SPINDLE USED FOR HIGH 
TE W E  R ATUR E VIS COS ITY ME ASUR EM E NT 

- . I  2 5 'I DI A. -- 
BROOKFIELD VISCOMETER MODEL: RVT 

CONTAINER DIAMETER: 2" 

MINIMUM CONTAINER DEPTH: 2" 

SPEED (R.PMJ RANGE (CPS) 

I O 0  0 - 3 0 0 0  

50 6000 

20 15,000 

IO 30,000 

5 60,000 

2 .5  I2 0,000 

I I50,OOO 

0.5  600,000 
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B R O O K F I E L D  VISCOMETER A N D  C O N S T A N T  
B A T H  U S E D  FOR C A L I B R A T  
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E910373-2 FIG. 5 

BROOKFIELD VISCOMETER I N S T A L L E D  ON TUNGSTEN FURNACE 
FOR HIGH T E M P E R A T U R E  V ISCOSITY M E A S U R E M E N T S  
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EXPERIMENTALLY DETERMINED VISCOSITY-TEMPERATURE RELATIONS 
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